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Objectives: to evaluate the effect of a modified aortic shunt on central haemodynamic variables during experimental
thoracic aortic occlusion in a prolonged spinal cord ischaemia model.
Material and methods: central haemodynamic variables were evaluated during aortic cross-clamping. In the shunt
group (n=11), after the placement of proximal and distal aortic clamps, distal aortic perfusion was restored through an
aortoiliac shunt via the left subclavian artery. In the no-shunt group (n=11), spinal cord ischaemia was achieved with
only proximal aortic cross-clamping. The clamping time was 60 minutes in the shunt group and 30 minutes in the no-
shunt group.
Results: in the no-shunt group, all animals needed inotropic support, vasodilators and buffers during the experiment.
None of these drugs were needed in the shunt group. In the no-shunt group, cross-clamping caused a significant increase
in mean arterial pressure and heart rate compared to baseline values. These variables were stable in the shunt group
during aortic occlusion. In the reperfusion period cardiac output, heart rate and arterial pCO2 were significantly higher
in the no-shunt than in the shunt group.
Conclusion: the present experimental spinal cord ischaemia model, using double aortic cross-clamping with shunt, offers
improved central haemodynamics. This enables the study of prolonged selective spinal cord ischaemia without interaction
from vasoactive drugs or systemic reperfusion.
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Introduction subclavian to iliac artery in a pig model of double
aortic occlusion and evaluated the value of continuous
Thoracoabdominal aortic replacement carries a sub- monitoring of intrathecal oxygen tension as a possible
indicator of spinal cord ischaemia.11 In this model,stantial risk of spinal cord ischaemia leading to
paraplegia. For better understanding of the patho- the interruption of the subclavian and distal lumbar
arteries means that the spinal cord becomes solelyphysiology and the factors affecting the occurrence of
spinal cord ischaemia during aortic cross-clamping dependent on some of the segmental arteries perfused
through the aortic shunt during 60 min of aortic oc-with impaired distal perfusion, reliable experimental
animal models are required. Among several ex- clusion. The aims of the present study were to study
the changes in central haemodynamic variables in theperimental models of spinal cord ischaemia, the ma-
jority apply a single thoracic aortic cross-clamping for above-mentioned pig model during and after aortic
cross-clamping and to compare the results with our30 to 45 min.1–4 Thoracic aortic occlusion for longer
periods carries a considerable mortality due to central previous findings in a pig model of aortic occlusion
with single aortic cross-clamping for 30 min withouthaemodynamic deterioration after declamping and
hampers studies on the spinal cord. Extracorporeal an aortic shunt.12
bypass or shunting have been used in experimental
and clinical studies in an effort to prevent spinal
cord and distal organ ischaemia as well as to control
Material and Methodsproximal hypertension during aortic cross-clamp-
ing.5–10 We recently used a modified aortic shunt from Of the 22 pigs (mean body weight 25.8–3.8 kg, ranging
from 18.5–35 kg) used in the present study, 11 (no-
shunt group) were also included in another study for* Please address all correspondence to: A. Hellberg, Department of
Surgery, University Hospital, Uppsala S-751 85, Sweden. validation of intrathecal oxygen tension monitoring
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during aortic cross-clamping.12 After induction of an- left common iliac artery through a midline incision with
a retroperitoneal approach. The left diaphragm was cir-aesthesia with intramuscular tiletamin 3 mg/kg and
zolazepam 3 mg/kg (ZoletilÒ 100, Reading, France), cumferentiallydivided.Theaorticarch,bothsubclavian
arteries (on the right side immediately after its originmorphine 20 mg and pancuronium bromide 8 mg (Pa-
vulonÒ) were given intravenously and a tracheostomy from the brachiocephalic trunk) and the entire des-
cendingthoracicandabdominalaorta, togetherwiththewas performed. Controlled ventilation was maintained
to assure oxygenation with PaO2 between 14–22 kPa iliac arteries, were dissected. The abdominal visceral,
intercostal (T4 to T13)and lumbar arterieswere isolated.(FiO2 0.4). The animals were connected to a ventilator
(Servoventilator, 900D, Siemens Elema, Sweden) de- Following these preparations, a laminectomy was per-
formedat the lowthoracic level, andthroughanarterial-livering a tidal volume of approximately 10 ml/kg,
and the respiratory rate was set at normoventilation needle catheter a multiparameter pO2, pCO2, pH and
temperature sensor (Paratrend 7TM, Biomedical Sensors,(pCO2 5.0–5.7 kPa) according to the arterial blood gas
analysis. Anaesthesia was maintained with an infusion High Wycombe, U.K.) was introduced intrathecally for
continuous cerebrospinal fluid (CSF) monitoring. Theof 1000 ml glucose 25 mg/ml containing 5 gram
KetaminolÒ vet (100 mg/kg), 120 mg morphine and principles and the use of this method for the detection
of spinal cord ischaemia during experimental and pre-60 mg pancuronum bromide (PavulonÒ) at a rate of
4 ml/kg/h. A continuous infusion of isotonic saline liminary clinical aortic cross-clamping have been re-
ported previously.12,14 In the shunt group (n=11), the(154 mmol/l) was given for basal fluid requirements,
aiming at 10 ml/kg/h during the whole procedure. spinal cord ischaemia was achieved through double
aorticcross-clamping(DAXC)combinedwithclampingNormal body temperature (38–0.5 °C) was main-
tained with the use of warm fluids and a heating pad. of the right subclavian artery and aortoiliac shunting via
left subclavian artery, thereby excluding the collateralsAll haemodynamic measurements were obtained
with Ohmeda transducers (Medical Devices Division, originating from this artery that supplies the spinal cord
in pigs. The thoracic aorta was clamped proximally andMurray Hill, U.S.A.) connected to a Siemens Sirecust
(1280/1281 surveillance monitor and a printer distally just below the left subclavian artery and below
the L1 level. In the no-shunt group (n=11), the spinal(Siemens Medical Electronics Inc., U.S.A.). The right
carotid artery was catheterised but not ligated for cord ischaemia was achieved with only proximal aortic
cross-clamping (PAXC). In the no-shunt group, in orderproximal pressure monitoring (18 Gauge, Ohmeda,
Medical Devices Division, Murray Hill, U.S.A.) and to control proximal hypertension after cross-clamping,
a sodium-nitroprusside infusion was started and con-arterial blood-gas analysis. A flow-directed Swan–
Ganz catheter (7-F, Ohmeda) was introduced through tinued during clamping (a mean of 45 mg per animal),
then replaced with a dopamine infusion (a mean ofthe right internal jugular vein for central haemo-
dynamic measurements of cardiac output (CO), mean 68 mg per animal) before declamping. The doses of
sodium nitroprusside and dopamine were chosen ac-pulmonary arterial pressure (MPAP), pulmonary
capillary wedge pressure (PCWP), central venous pres- cording to our previous experience to control proximal
hypertension and maintain haemodynamic stability.12sure (CVP), mixed venous oxygen saturation and core
temperature. Cardiac output was determined by the Furthermore, at declamping all pigs in the no-shunt
group received 200 ml of trometamol/bicarbonate buf-thermal dilution technique by injecting 5 ml of saline
(4 °C) into the right atrium and measuring the tem- fer (TribonatÒ, Pharmacia-Upjohn, Sweden). In each
group, a stabilisation period followed insertion of cath-perature in the main pulmonary artery (average of
three measurements) in the shunt group. In the no- eters, completion of the surgical dissection and ligation
of the lumbar arteries. Volume flow through the shuntshunt group, the on-line IntellicathTM/VigilanceTM
monitor system (7-F Intellicath pulmonary artery cath- was continuously monitored by transit-time ultra-
sonography (probe 6RB32, Transonic Systems Inc.,eter, Baxter Health Care Corp., U.S.A.) was used for
CO and mixed venous saturation monitoring. This U.S.A.).
The duration of aortic clamping was 60 min in thetechnique utilises an integral thermal filament and
provides a continuous thermodilution cardiac output shunt group and 30 min in the no-shunt group, as
previous pilot studies had demonstrated a high mor-monitoring. It was shown to be reliable and strongly
correlates with bolus thermodilution method.13 A urin- tality in animals with 60 min PAXC without shunt.
Central haemodynamic and Paratrend-derived CSFary catheter was inserted by a suprapubic bladder
puncture for urinary output monitoring. measurements were obtained before AXC, before de-
clamping, 30 and 60 min of reperfusion after de-A median sternotomy was performed and the dis-
section was extended to the abdominal aorta and the clamping. After the last measurement, pigs were
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Table 1. Haemodynamic variables according to groups. Values are expressed as means and s.d.
Baseline 30 min XCL 30 min reperfusion 60 min reperfusion
Mean arterial pressure (mmHg)
No shunt 108.7 (s.d.=14.7)* 138.7 (s.d.=18.0)*† 84.9 (s.d.=11.5)*† 81.5 (s.d.=15.3)
Shunt 87.0 (s.d.=13.1)* 94.1 (s.d.=15.8)* 99.3 (s.d.=19.5)* 93.7 (s.d.=26.8)
Heart rate (beats/minute)
No shunt 112.5 (s.d.=19.4) 211.8 (s.d.=22.2)*† 186.4 (s.d.=32.9)*† 179.7 (s.d.=30.4)*
Shunt 117.5 (s.d.=15.1) 130.3 (s.d.=22.4)* 127.7 (s.d.=16.6)* 133.4 (s.d.=27.1)*
Central venous pressure (mmHg)
No shunt 9.1 (s.d.=1.6) 9.8 (s.d.=2.1) 10.2 (s.d.=2.3)* 9.7 (s.d.=1.9)
Shunt 8.6 (s.d.=2.7) 8.5 (s.d.=3.3) 7.9 (s.d.=2.7) 9.5 (s.d.=6.7)
Pulmonary capillary wedge pressure (mmHg)
No shunt 12.6 (s.d.=4.3) 13.9 (s.d.=5.9) 15.7 (s.d.=6.6) 13.9 (s.d.=5.2)
Shunt 12.4 (s.d.=4.9) 12.5 (s.d.=3.3) 14.3 (s.d.=6.3) 14.9 (s.d.=5.7)
Mean pulmonary arterial pressure (mmHg)
No shunt 24.3 (s.d.=4.5)* 25.8 (s.d.=4.3)* 30.3 (s.d.=6.7)*† 27.0 (s.d.=5.3)†
Shunt 18.5 (s.d.=3.8)* 18.5 (s.d.=1.4)* 25.0 (s.d.=4.8)*† 24.6 (s.d.=2.7)
Diastolic pulmonary arterial pressure (mmHg)
No shunt 18.9 (s.d.=4.7)* 19.8 (s.d.=4.9)* 24.3 (s.d.=6.8)*† 20.0 (s.d.=5.9)†
Shunt 13.9 (s.d.=3.7)* 15.1 (s.d.=2.2)* 19.2 (s.d.=4.9)*† 18.1 (s.d.=3.3)
Cardiac output (l/minute)
No shunt 4.2 (s.d.=1.3) 4.6 (s.d.=0.8)* 6.1 (s.d.=0.9)*† 6.2 (s.d.=1.3)*
Shunt 3.7 (s.d.=1.3) 2.5 (s.d.=0.7)*† 3.4 (s.d.=1.3)*† 3.1 (s.d.=1.0)*
Urine output (ml/kg/hr)
No shunt 1.5 (s.d.=0.8) 1.5 (s.d.=1.5)† 5.2 (s.d.=3.5)*† 10.3 (s.d.=6.6)*†
Shunt 1.5 (s.d.=0.7) 0.9 (s.d.=0.8)† 2.2 (s.d.=1.9)*† 5.1 (s.d.=3.4)*†
*P<0.05 between the groups, †p<0.05 according to time within the same group.
sacrificed with an intravenous injection of potassium severe acid–base disturbances after declamping, tri-
bonate buffer (200 ml per animal) had to be used inchloride. All animals were treated in compliance with
the no-shunt group. None of these drugs were requiredthe ‘‘Principles of Laboratory Animal Care’’ and the
in the shunt group.‘‘Guide for the Care and Use of Laboratory Animals’’
The haemodynamic variables in each group during(National Institutes of Health, Publication No. 80-23,
the whole experiment are shown in Table 1. The meanrevised 1985). Approval of the study was obtained
arterial pressure (MAP) increased significantly fromfrom the local committee of ethics for animal ex-
108.7 (s.d.=14.7) mmHg to 138.7 (s.d.=18.0) mmHgperiments.
in the no-shunt group after 30 min clamping (p<0.05),SPSS 8.0 for Windows was used for the statistical
while no significant changes were observed in theanalysis. Differences between the two groups were
shunt group (MAP 94.8 (s.d.=15.8) mmHg after 30 minassessed with independent two-sample, paired t-test,
of clamping). In comparison with the shunt group, theand differences within groups were tested with paired
heart rate was significantly higher in the no-shuntsamples t-test. Differences were considered significant
group at each time interval after clamping (p<0.05).when the probability was less than 0.05. All values
The CVP was significantly higher in the no-shuntare expressed as mean and s.d.
group 30 min after declamping compared to shunt
group (10.2 (s.d.=2.3) mm and 7.9 (s.d.=2.7) mmHg,
respectively, p<0.05). There was no significant dif-
Results ference in PCWP between the groups. MPAP was
significantly higher in the no-shunt group at baseline
All animals survived the operative procedure. In the and this difference persisted throughout 30 minutes
no-shunt group all animals needed inotropic support of reperfusion (p<0.05). After clamping, CO decreased
with intravenous dopamine and a peripheral vaso- significantly in the shunt group from 3.7 (s.d.=1.3)
dilator with intravenous sodium nitroprusside in order to 2.5 (s.d.=0.7) ml/min, but showed no significant
to control proximal hypertension following aortic change in the no-shunt group. CO was significantly
cross-clamping and to maintain proximal aortic pres- higher compared to baseline during the reperfusion
period in the no-shunt group (p<0.05). Urinary outputsure above 70 mmHg during declamping. To avoid
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Table 2. Blood gas analysis and CSF oxygen tension measurement according to groups. Values are expressed as means and s.d.
Baseline 30 min XCL 30 min reperfusion 60 min reperfusion
Arterial pCO2 (kPa)
No shunt 5.5 (s.d.=0.2) 4.1 (s.d.=0.3)† 6.7 (s.d.=0.6)*† 6.3 (s.d.=0.5)*†
Shunt 5.3 (s.d.=0.4) 4.3 (s.d.=0.5)† 4.9 (s.d.=0.6)*† 4.6 (s.d.=0.2)*
Blood gas pH
No shunt 7.46 (s.d.=0.3) 7.44 (s.d.=0.3)† 7.26 (s.d.=0.5)*† 7.32 (s.d.=0.5)*†
Shunt 7.42 (s.d.=0.4) 7.42 (s.d.=0.5) 7.35 (s.d.=0.9)*† 7.40 (s.d.=0.4)*
Arterial pO2 (kPa)
No shunt 22.3 (s.d.=3.0) 24.4 (s.d.=4.3)† 20.4 (s.d.=4.0)† 20.4 (s.d.=4.4)
Shunt 19.9 (s.d.=4.3) 22.4 (s.d.=5.9) 20.3 (s.d.=5.7) 20.7 (s.d.=5.8)
Arterial saturation
No shunt 99.0 (s.d.=0.3) 99.2 (s.d.=0.3)* 98.0 (s.d.=0.9)† 98.5 (s.d.=0.6)†
Shunt 98.4 (s.d.=0.8) 98.6 (s.d.=0.7)* 97.7 (s.d.=1.5)† 98.2 (s.d.=1.3)
Standard arterial bicarbonate
No shunt 29.2 (s.d.=1.3)* 22.0 (s.d.=1.5)† 20.9 (s.d.=2.0)† 23.3 (s.d.=2.0)†
Shunt 25.9 (s.d.=2.0)* 21.6 (s.d.=2.8)† 21.1 (s.d.=3.2) 22.2 (s.d.=2.2)†
Arterial base excess
No shunt 5.2 (s.d.=1.3)* -3.1 (s.d.=1.8)† -4.0 (s.d.=2.4) -1.4 (s.d.=2.3)†
Shunt 1.7 (s.d.=2.3)* -2.9 (s.d.=3.1)† -4.1 (s.d.=4.0)† -2.7 (s.d.=2.6)†
Venous pO2
No shunt 5.3 (s.d.=0.7) 7.9 (s.d.=0.7)*† 6.5 (s.d.=0.7)*† 5.9 (s.d.=0.8)*†
Shunt 5.4 (s.d.=0.5) 4.9 (s.d.=1.2)* 5.2 (s.d.=0.7)* 4.8 (s.d.=0.7)*†
Mixed venous O2 saturation
No shunt 63.2 (s.d.=10.1) 85.5 (s.d.=6.6)*† 66.2 (s.d.=7.6)*† 63.7 (s.d.=9.2)*
Shunt 61.7 (s.d.=6.5) 51.1 (s.d.=15.9)* 52.8 (s.d.=9.2)* 47.8 (s.d.=12.8)*†
Cerebrospinal fluid oxygen tension
No shunt 5.5 (s.d.=1.6) 0.7 (s.d.=1.1)† 6.0 (s.d.=2.3)† 5.4 (s.d.=2.3)
Shunt 4.1 (s.d.=2.3) 1.5 (s.d.=1.6)† 4.9 (s.d.=2.4)† 4.8 (s.d.=2.1)
*p<0.05 between the groups, †p<0.05 according to time within the same group.
at 30 and 60 min of reperfusion were significantly Discussion
higher in the no-shunt group (p<0.05). The mean shunt
flow was 1044 (s.d.=329) ml/min in the shunt group Paraplegia following aortic occlusion is believed to be
primarily due to depriving the spinal cord of its oxygenrepresenting 42% of the cardiac output.
Blood gas analysis in each group at baseline, during supply and the risk of irreversible damage increases
significantly after 30 min in both humans and an-and after cross-clamping, are shown in Table 2. Both
groups demonstrated stable arterial pO2 during the imals.15–17 In the majority of previous experimental
models, single proximal aortic cross-clamping has beenstudy. After clamping, pCO2 significantly decreased
in both groups, but after declamping pCO2 values used and the mechanism of spinal cord ischaemia has
been explained by the steal phenomenon from spinalwere significantly higher in the no-shunt group
(p<0.05). After cross-clamping, the mixed venous oxy- cord to the aorta distal to the cross-clamp through
segmental arteries. Prevention of drainage of bloodgen saturation and venous oxygen tension were lower
in the shunt group compared with the no-shunt group from the spinal cord into the excluded aortic segment
by placement of a second distal aortic cross-clamp(p<0.05). At 60 minutes after declamping, the mixed
venous oxygen saturation was 48 (s.d.=13)% and 64 below the level of critical segmental arteries dimin-
ished the severity of experimental spinal cord isch-(s.d.=9)% in the shunt and no-shunt groups, re-
spectively (p<0.05). Although the base excess was dif- aemia in pigs.18 Experimental models with double
aortic cross-clamping resemble more closely the sur-ferent between the groups at baseline, no significant
changes were seen during the experiment. gical technique used clinically for replacement of
thoracoabdominal aorta. The present experimentalAt 30 min of aortic clamping, CSF oxygen tension
showed a significant decrease from baseline values in model of spinal cord ischaemia with proximal and
distal cross-clamping of the descending aorta elim-both groups without significant difference between
them. Oxygen tension of the cerebrospinal fluid re- inates the steal phenomenon. Interruption of collateral
circulation from the subclavian arteries together withcovered in both groups during the reperfusion period.
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exclusion or preservation of some of the segmental after aortic cross-clamping CO decreased significantly
in the shunt group but showed no significant changearteries through an aortic shunt allows establishment
in the group without shunt. It was significantly higherof selective spinal cord ischaemia.
during the reperfusion period compared to baselineDuring experimental aortic cross-clamping, besides
values in the no-shunt group. Although we did not usedirect interruption of spinal cord blood flow, other
inotropic agents in the shunt group, the CO returned tofactors, such as haemodynamic alterations caused
baseline values after the removal of the aortic clamp.by proximal aortic occlusion, visceral ischaemia–
During reperfusion, animals receiving aortic shuntreperfusion and the pharmacological treatment used
revealed more stable values of CVP, PAP, arterial pCO2to control proximal hypertension, seem to affect the
and mixed venous saturation despite prolonged aorticseverity of spinal cord ischaemia.1,3,4,19–21 A modified
cross-clamping.aorto–aortic shunt introduced from the left subclavian
In conclusion, our spinal cord ischaemia model,artery to the left iliac artery has been used in the
using double aortic cross-clamping with a shunt, offerspresent study in an attempt to minimise the effects
improved central haemodynamics during prolongedof above-mentioned factors on spinal cord perfusion
spinal cord ischaemia–reperfusion and obviates theduring aortic cross-clamping. The central haemo-
need for pharmacologic manipulation. Selective spinaldynamics were compared with the findings obtained
cord ischaemia models seem important for studies onfrom a previous animal model in which aortic cross-
adjunctive measures aimed to decrease the incidenceclamping prolonged for more than 30 min could not
of paraplegia occurring during experimental aorticbe applied due to the need for intensive resuscitation
occlusion. The similar degree of low CSF oxygen ten-following declamping and high mortality observed in
sion in the two groups indicates that the presenta pilot study. The haemodynamic consequences of
double-clamp model has achieved this goal.longer clamping times requiring extensive supportive
measures for improvement of immediate survival fol-
lowing declamping are likely to affect spinal cord
perfusion and this makes the model less reproducible. Acknowledgements
Although the animals in the present study were not
randomly allocated into two different study groups, The authors wish to thank Ms Monica Hall for excellent technical
assistance; Swedish Medical Research Council 00759 and The Laerdalthe surgical dissection and the type of spinal cord-
Foundation for Acute Medicine (1460/96).
ischaemia monitoring were similar.
The results of this study demonstrate that the use
of aortic shunt eliminates the need for pharmacologic
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